We identified five cation/H + exchangers (CAX) from rice, and phylogenetically divided them into two clusters. Gene expression and absolute amounts of mRNA in different organs were analyzed by real-time PCR. OsCAX1a showed high expression in almost all organs. OsCAX1b and OsCAX1c were detected in a limited number of organs and their expression levels were very low. The mRNA levels of OsCAX2 and OsCAX3 varied with the organ. OsCAXs were heterologously expressed in yeast to characterize the ion transport activity. All exchangers, except for OsCAX2, conferred tolerance to calcium. OsCAX1a and OsCAX3 conferred tolerance to manganese. The diversity of expression sites and substrates suggest the broad range function of CAX.
Plants require metal ions as mineral nutrients for growth and maintenance of metabolic activity. Some metal ions are components of essential plant metabolites or constituents. Therefore, plants have a wide range of mechanisms and responses to acquire essential mineral nutrients from the soil and transport them within the plant tissues and cells. In many cases, higher concentrations of essential metal ions are toxic for plants. Therefore, plants must regulate the concentrations of the metal ions in the tissues and cells to prevent both nutrient deficiency and metal toxicity. Cation/H + exchanger (CAX) is one of the transporters that regulate the concentrations of Ca
2+
and probably Cd 2+ and Mn
. The CAX transporters were originally identified and cloned from yeast as the Ca
/H + exchanger . Several CAXs can transport other metal ions such as Cd 2+ and Mn 2+ , Pittman et al. 2004 . Hirschi et al. (1996) cloned CAX1 and CAX2 from Arabidopsis thaliana as Ca

/H
+ exchangers using a yeast complementation approach. Kinetic analysis showed that CAX1 has a relatively high affinity for Ca
2+
. The Arabidopsis CAX1 knockout mutant has been reported to be sensitive to Ca 2+ (Cheng et al. 2003) . In addition, Ca
/H
+ exchange activity in the vacuolar membrane of the mutant decreased to 50% of that of the wild-type plant. The cax1 mutant plant was more tolerant of medium lacking Ca
2+
. Catalá et al. (2003) reported that cax1 mutants were sensitive to high concentrations of Ca 2+ compared with the wild type. These observations support that CAX1 functions as an actual Ca
/H
+ exchanger in plant cells. Conversely, CAX2 showed low affinity for Ca 2+ over 100 µM (Hirschi et al. 1996) and tobacco plants overexpressing CAX2 accumulated more Ca
2+
, Cd 2+ and Mn 2+ than the wild-type plant . Furthermore, vacuolar membrane vesicles prepared from the cax2 mutant showed lower Mn
/H + exchange activity than the wild-type plant (Pittman et al. 2004) . Thus CAX2 has been thought to function as a heavy metal/H + transporter.
After CAX1 and CAX2 were cloned from Arabidopsis, several cDNAs from Vigna radiata (VCAX1) (UeokaNakanishi et al. 1999) , Arabidopsis (CAX3 and CAX4) Hirschi 2000, Cheng et al. 2002) and Oryza sativa (OsCAX1a) (Kamiya and Maeshima 2004) were cloned and their biochemical properties were identified. Two additional exchangers were identified in the Arabidopsis genome (CAX5 and CAX6) (Mäser et al. 2001) . Both Arabidopsis CAX1 and CAX2 were localized to vacuolar membranes (Cheng et al. 2003) like V. radiata VCAX1 (Ueoka-Nakanishi et al. 1999) . The amino acid sequences and K m for Ca 2+ of VCAX1 and OsCAX1a are similar to those of Arabidopsis CAX1. The plant CAX family is divided into two clusters based on amino acid sequence. CAX1, CAX3, CAX4, VCAX1 and OsCAX1a are classified into type IA, and CAX2, CAX5 and CAX6 into type IB (T. Shigaki and K.D. Hirschi, personal communication) .
In this study, we cloned all rice CAXs and quantified the absolute amounts of their mRNA by real-time PCR to compare the expression level among OsCAXs. Furthermore, we expressed OsCAXs in yeast and assessed their ion transport activity individually. Their characteristic properties, namely, tissue-specific expression, copy number of the mRNA in each tissue and ion selectivity, are essential for understanding their individual physiological role and relative importance.
We performed a database search to identify rice CAXs based on the sequences identified previously, such as CAX1, CAX2 and VCAX1, and found several EST and genomic sequences. We cloned them using 5′RACE and 3′RACE. In the case of OsCAX1b and OsCAX1c, their 5′-termini could not be determined by 5′RACE. Then we designed the primers for the upstream sequences of a putative start codon with reference to genomic sequences and cloned OsCAX1b and OsCAX1c by PCR using cDNAs as templates. Finally, four clones were obtained in addition to OsCAX1a and were designated OsCAX1b, OsCAX1c, OsCAX2 and OsCAX3 (Fig. 1) . Four clones except for OsCAX1c were found in the database of full-length cDNAs released from the Knowledge-Based Oryza Molecular Biological Encyclopedia (http://cdna01.dna. affrc.go.jp/cDNA/) (Fig. 1A) .
The size of OsCAX proteins varied from 417 (OsCAX3) to 453 (OsCAX1b) amino acid residues. The proteins share between 35 and 73% identity (Fig. 1B) . Three members of OsCAX1 have a relatively long hydrophilic N-terminal part compared with OsCAX2 and OsCAX3. All OsCAXs were predicted to have 11 transmembrane domains by the ARA-MEMNON program (http://aramemnon.botanik.uni-koeln.de/ index.html) (data not shown). The acidic-amino-acid-rich region was found in the cytosolic loops between the sixth and seventh transmembrane domains of all OsCAXs, which are common to other CAXs of various organisms (Hirschi et al. 1996 , Ueoka-Nakanishi et al. 1999 , Kamiya and Maeshima 2004 . Phylogenetic analysis showed that OsCAX1a, OsCAX1b and OsCAX1c were classified into type IA together with Arabidopsis CAX1 and mung bean VCAX1 (Fig. 1C ). OsCAX2 and OsCAX3 are classified into type IB to which CAX2 belongs.
Next, we determined the absolute amount of the transcripts of OsCAXs. First, we prepared a standard plasmid that contained tandem partial sequences of five OsCAXs ( Fig. 2A) . Then we generated a standard curve for each OsCAX by using this standard plasmid and gene-specific primers (Fig. 2B ). The The percentage amino acid sequence identity among OsCAXs. (C) The tree was constructed from alignments of full-length amino acid sequences using the Clustal W and TreeView programs. Numbers at nodes indicate the bootstrap value as percentages obtained for 1,000 replicates. Accession numbers are as follows: CAX1 (A. thaliana, AF461691), CAX2 (A. thaliana, AF424628), CAX3 (A. thaliana, At3g51860), CAX4 (A. thaliana, AF409107), CAX5 (A. thaliana, At1g55730), CAX6 (A. thaliana, At1g55720), VCAX1 (V. radiata, AB012932), ZmHCX1 (Zea mays, AF256229), ZCAX2 (Z. mays, AB044567), InCAX2 (Ipomoea nil, AB018526), Arabidopsis halleri (CAE30484), Suaeda maritime, (AY518204). primers were designed for sequences of 3′-untranslated regions of OsCAXs, which are specific to each gene (Fig. 2C) . In the experiments, the product of real-time PCR was detected at a range of 10 3 to 10 8 copies per assay (Fig. 2B ). By using this experimental system, we determined the amounts of OsCAX transcripts in the total RNA fractions prepared from several tissues at various growth stages (Fig. 3) . The OsCAX1a mRNA was detected in all organs and the level was highest among five OsCAXs in the germinating embryo, endosperm, young shoot, flower and leaf sheath. OsCAX1b mRNA was detected only in the embryo and root and the expression of OsCAX1c was specific to the leaf blade. Therefore, we speculated that OsCAX1c plays a specific role in the leaf blades, and OsCAX1b in the embryo and young roots. It is noteworthy that the expression profiles of OsCAX1b and OsCAX1c, which were classified into type IA phylogenetically, were quite different from those of Arabidopsis type IA members (CAX1, CAX3 and CAX4) whose mRNAs were detected in most organs by Northern analysis and reverse transcription-PCR (Hirschi 1999 , Shigaki and Hirschi 2000 , Cheng et al. 2002 . This difference between rice and Arabidopsis suggests their characteristic roles in each plant species.
The OsCAX2 transcript was relatively high in roots and shoots, but not detected in endosperms, leaf blades or callus (Fig. 3) . OsCAX3 was detected in almost all organs including callus. These expression profiles and high similarity of amino acid sequences (identity, 73%) suggests that OsCAX2 and OsCAX3 of type IB work cooperatively in the embryo, roots, leaf sheaths, shoots and nodes.
To understand the physiological function of OsCAXs, we need to analyze ion transport activity and ion selectivity. We expressed OsCAXs in the yeast strain K665, which was sensitive to both Ca 2+ and Mn 2+ due to the lack of vacuolar Ca 2+ -ATPase (PMC1) and Ca
/H + exchanger (VCX1) . CAX1 and VCAX1 have a sequence known as an N-terminal autoinhibitory domain Hirschi 2001, Pittman et al. 2002) . Since the OsCAX1 members belong to the same cluster as CAX1 and VCAX1, we truncated the N-terminal regions of OsCAX1a, OsCAX1b and OsCAX1c for expression in yeast and named them OsCAX1a∆27, OsCAX1b∆36 and OsCAX1c∆47 (Fig. 4A) . These OsCAXs were cloned into a pKT10 vector that was driven by glycelaldehyde 3-phosphate dehydrogenase promoter (Tanaka et al. 1990 ). The protein accumulated in yeast was confirmed by antibodies specific to the peptide sequence corresponding to each OsCAX (Fig. 4A, underlined) . The OsCAX1a and OsCAX1c proteins were not accumulated, although their truncated forms were detected in yeast (Fig. 4B) . Then, to examine the effect of the sequence of the Nterminal domain of OsCAX1a, we changed several codons of the N-terminus of OsCAX1a without changing the amino acid sequence and named it OsCAX1a-C. Its expression was immunochemically confirmed (Fig. 4B) . Thus, normal OsCAX1a could not be transcribed in yeast due to its nucleotide sequence. In both OsCAX1a∆27 and OsCAX1a-C, bands with low molecular masses were also observed in addition to the regular bands (44 and 42 kDa for OsCAX1a∆27, 47 and 45 kDa for OsCAX1a-C). The lower band of OsCAX1a∆27 has been assumed to be a degradation product of the normal translation product (Kamiya and Maeshima 2004) . Since the reaction of the antibody was completely suppressed by the authentic peptide, which was used for preparation of the antibody, the lower band of OsCAX1a-C may also be a degradation product.
The transport activity of yeast transformants was determined by a growth test on agar plates supplemented with CaCl 2 ( Fig. 4C ). All OsCAXs, except for OsCAX2, conferred Ca 2+ tolerance on yeast. We prepared an N-terminal truncated mutant of OsCAX2 (OsCAX2∆26) and expressed the mutant in yeast. The OsCAX2∆26-expressing strain showed little tolerance to Ca
. Its growth in Ca 2+ was similar to that of OsCAX1b. Thus, OsCAX2 may have extremely low activity to transport Ca 2+ at least in yeast. OsCAX1a∆27 and OsCAX1c∆47 strongly suppressed the Ca 2+ sensitivity of yeast. The OsCAX1a-C-expressing strain showed the same tolerance as OsCAX1a∆27 to 100 mM CaCl 2 but not to 300 mM CaCl 2 . OsCAX1b was more sensitive to 100 mM CaCl 2 than OsCAX1b∆36. These results suggest that the N-termini of OsCAX1a and OsCAX1b might have a negative effect on transport activity.
The activity of Mn 2+ transport was also examined by a growth test. OsCAX1a∆27 conferred Mn 2+ tolerance on yeast. The yeast expressing OsCAX1a-C could not grow on Mn 2+ -supplemented medium. Therefore, the N-terminus of OsCAX1a might be involved in ion selectivity as well as the regulation of transport activity. The OsCAX3-expressing yeast showed Mn 2+ tolerance, though it had lower Ca 2+ tolerance than OsCAX1a∆27 and OsCAX1a-C. Arabidopsis CAX2, which belongs phylogenetically to the same cluster as OsCAX3 (type IB), transported Mn 2+ in planta (Pittman et al. 2004 ). OsCAX3 might preferentially transport Mn 2+ in planta.
OsCAX1a has been reported to have a relatively high affinity for Ca 2+ (K m , 9.5 µM), which was similar to those of CAX1 and VCAX1 (Kamiya and Maeshima 2004) . Judging from the ubiquitous and high expression of OsCAX1a, OsCAX1a could be a major Ca
/H
+ exchanger and the key regulator of Ca 2+ distribution in rice cells. Also, OsCAX1b and OxCAX1c of the same cluster might function as Ca
2+
/H + exchangers in specific tissues (Fig. 3) . OsCAX3 was expressed in all tissues examined (Fig. 3) and had a capacity to transport Mn 2+ (Fig. 4) . It should be noted that the callus expressed only OsCAX1a and OsCAX3. Therefore we speculated that OsCAX1a and OsCAX3 are essential as the basic exchanger for homeostasis of Ca 2+ and Mn
, respectively, in rice cells. To our knowledge, this is the first comprehensive analysis of CAXs in a single organism. Arabidopsis has six isogenes (CAX1 to CAX6). However, functional analysis was not done for CAX5 or CAX6, and the remaining four isoforms were examined individually. The present study on all isoforms of OsCAX revealed characteristic properties of expression profile in plants and transport activity of Ca 2+ and Mn
. These observations provide information for understanding how five isoforms take partial charge of ion homeostasis in the rice plant.
Materials and Methods
Seeds of O. sativa L. cv. Nipponbare were sterilized in 2.5% (v/v) sodium hypochloride, rinsed with water, imbibed in water for 2 d, and then sown in a nutrient solution. The nutrient solution contained 2 mM Ca(NO 3 ) 2 , 0.5 mM MgSO 4 , 0.1 mM Fe(III)EDTA, 0.7 mM K 2 SO 4 , 0.1 mM KCl, 0.1 mM KH 2 PO 4 , 10 µM H 3 BO 3 , 0.5 µM MnSO 4 , 0.5 µM ZnSO 4 , 0.2 µM CuSO 4 , 0.01 µM (NH 4 ) 6 Mo 7 O 24 and 0.01 µM CoCl 2 (pH 5.3). Shoots and roots prepared from 10-day-old seedlings grown in the nutrient solution under continuous light at 28°C were used for RNA preparation. In some cases, rice plants were grown at 28°C in soil under a 13-h light/11-h dark condition for 4 months, at which time about half of the flowers in a panicle were open.
Embryos and endosperms were prepared as described previously (Karrer et al. 1991) and used for total RNA preparation (Hwang et al. 1999) . Total RNA was prepared from shoots and roots with an RNeasy Plant Mini Kit (Qiagen, Valencia, CA) and treated with an RNase-free DNase set (Qiagen). The total RNA was reverse-transcribed by an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and real-time PCR analysis was performed with iCycler iQ SYBR Green Supermix (Bio-Rad).
5′RACE was performed using a 5′-Full RACE Core Set (Takara Bio Inc., Otsu, Japan) and 3′RACE using an oligo(dT) adapter primer.
In yeast heterologous expression, Saccharomyces cerevisiae (strain K665) was used. All OsCAX DNAs were inserted into the EcoRI-SalI site of the pKT10 vector. The OsCAXs were amplified by PCR using pairs of primers: OsCAX1a, 5′-GAGGAATTCATGGAGG-CGGCGGCGGCGAT-3′ (OsCAX1a), 5′-GAGGAATTCATGTCGTC-GTCGTCGCTGCG-3′ (OsCAX1a∆27) and 5′-GAGGTCGACTCAT-GCGGCCTGAACACTCA-3′; OsCAX1b, 5′-GAGAATTCATGCCA-GTGTCGCGGATGATG-3′ (OsCAX1b), 5′-GAGAATTCATGTCATC-TTCCTCCCTCCGCAAAAGC-3′ (OsCAX1b∆36) and 5′-GAGTCG-ACCTACACAATCACATCCAGATGG-3; OsCAX1c, 5′-GAGAATTC-ACATGGCGCCGCCGGAGAGC-3′ (OsCAX1c), 5′-GAGAATTCAT-GACGGGGCGGAAGATCAAG-3′ (OsCAX1c∆47) and 5′-GAGTCG-ACCAACACATTTAGTCATCTTCC-3′; OsCAX2, 5′-GGAATTCGT-CGGATTGGGTTGGGTTCG-3′ and 5′-GAGGTCGACTGCGGATC-TTTCACTTGTTG-3′; OsCAX3, 5′-GAGAATTCATGGAGAATCCT-CAGATTGA-3′ and 5′-GAGGTCGACGTCCGTGGCATCAATCAT-CG-3′. EcoRI and SalI sites are underlined. To construct OsCAX1a-C, pKT10-OsCAX1a was amplified by PCR using 5′-AAACTAGCT-GCTAGACATCCACATGGTAGATCTAGAACGGCGCACAACATG TCGTCGT-3′ and 5′-TCTACCAGCTTCCATAGCAGCAGCAGCT-TCCATGAATTCTGTTTATGTGTGTT-3′. After digestion with DpnI, the DNA fragment obtained was incubated with T4 DNA ligase and T4 polynucleotide kinase for self-ligation. The constructs were introduced into S. cerevisiae using the LiOAc/PEG method and grown in AHCW/Glc medium as described previously (Ueoka-Nakanishi et al. 1999) . In the ion tolerance assay, yeast transformants were inoculated into AHCW/Glc medium and then grown overnight at 30°C. After the culture suspension was diluted to make concentrations of OD 660 from 1.0 to 0.001, 5-ml aliquots were spotted onto YPD plates containing 0.5 µg ml -1 FK506 (an inhibitor of protein phosphatase, calcineurin) and supplemented with CaCl 2 or MnCl 2 . After incubation at 30°C for 48 or 72 h, the plates were photographed.
The microsomal fraction was prepared as described previously (Sorin et al. 1997) . Anti-OsCAX1a antibodies were prepared as described previously (Kamiya and Maeshima 2004) . Antibodies to OsCAX1b, OsCAX1c and OsCAX3 were prepared separately by injecting a corresponding peptide into rabbits. Peptide sequences used for antibody preparation were of the N-terminal parts (see Fig. 4 ). For OsCAX2, the peptide LKSQRSLYSPIGEQE (positions 225-239) was used as antigen.
